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INTRODUCTION

The purpose of this analog simulation study of the man-~
rated centrifuge is to determine the capabilities of the centrifuge
in producing various g level versus ctime effects on a subject
riding in the gondola. A conrtrol computer is necessary to convert
g versus time input into command signals for the main arm drive,
ginbal ring drive and gondolé drive systems. The computer has
been developed in analog form for this simulation and is written
in a digital flow diagram form for use in the actual system control
computer. The approach to this simulation project wzs to reduce
the information suppiied into a form suitable for analog simulation.
Each of the main control systems has been checked separately to
determine the effects of nonlinear components on frequency response
and phase shift in that particular system. Limit circuits have
been included and z study made to determine their effect since
command signals are 1n some cases large enough to drive portions
of the system beyond the linear range of gain. The effects of
gyroscopic forces upon each of the systeﬁs has been waalyzed and
the resulting effect of these forces recorded during the simulation.
Equations and methods for solving these equations have been devel-
oped for th:2 control computer and the effectivenzss demonstrated
in the analog simulation runs. The methods for solving the com-
plex equations in the analog computer simulation of the control
computer have required the concept of special analog circuit

configurations.
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‘ . : TECHNICAL DISCUSSION OF SYSTEM STUDIES

A. 1Inertia Changes

Before the analog simulations could be written for the
computer, new values of inertia had to be inserted into the load
equations for each of the control systems. In the gimbal ring
and gondola control systems, these new inertias were rzlatively
simple. The reflected load inertia to the motor drive shaft is

computed by

S8, = ns6, (1)
>
3 .
o =
7,86, = T,80, (2)
T = Js2¢ ' (3)
2
Tp 32879 _ 58 (4)
T Z. " 58 .
1 J,5%, 2

PN, AN ¢ | - (5)

2
iz S(Sel) 2
g 1 sesep? _

From this we find that the inertia load reflected back

to the motor shaft is multiplied by the inverse of the gear ratio

!: squared.

The inertia loads specified for each system and the value .
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reflected back to the motor shaft are converted by
1b(ft)2 [12/n2 (32.2)] = lb-in-sec? (6)

in order to apply the values to the motor torque equations.

Gimbal Ring Reflected Inertia

In the gimba; ring s&stem the gondoli load must also
be included in the various relative positions since it is not é
symmetrical load. Since the Y axie of gﬁé;%ﬁmbai ring is always
in iine with either the Yzaxis §§ “hHe E-ax;; of the gondola, we-
shall use the rms value to simuiate the load_inertig in this
study. The specified inerxias and‘feflected inertias:are there~
-re calculated as: |

G}ﬁbal Ring Inertias Spé “ed (with gondola loadﬁ.

Ter(v) assé?i8?6_lb—ft2 | ':' .

Je(Y) ==:172,37‘7 1$-ft21 - ) () ~§
Tezy ™ 205,291 1b-ft2 ; (9) %
JG(rmgs - 191f83§ b-££2 - | a0 |

el b

Gimbal ring reflected inertia is expressed as

T v

. ‘ 2 oo - . \
- (L 3 ; 12 o T 2 .
JR (66) (385,876 + 191,834) (577? 49.4 lo-1in s?c '(11)

PO

-3 - ' L -3
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This informaticn substituted into the motor equatlions provides

_the transfer function for 6,/T,

Coasideration of Shagt-ﬁgr;ng Rate ) ,;fi'

- 2 _ .
0,/T = 1/K + 1/3J8 - : (12)
0,/T, = 812 x 10-4 + ,02025/82 . C(13)
. f2
Gondola Reflected Inertia L oe

The: gondola system involves only the- 1nertia load of

i’l

the gondola about the X axis of t“e'gandola. This calculation iailj;f;_:g

‘Gdnddia ﬁefiecﬁed Inertia

, T T e s E
- 3-24 - - - - 2" 1 : S
I éﬁﬁ?nﬁ (85,706) (§fﬁﬁ ©9.33 Ib-tasee® " LTASY i

o

°m’Tm_‘ ,7og‘f;1o-€:+_,;q7/§2J

expressed as: : :
Gonaqla‘lnertia Spqcified i v e -}-“’1
Je(x) = 85,706 1b-ft*: . S

Skl
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and motor torque. To accurately simulate the output load shaft
position we must consider the spring rate of the shaft that is
inserted between the motor shaft and the load.

Figure 1 illustrates schematically the system to be
considered. The transfer function of wotor shaft position 8 to

load position 6y 1s developed as foliows:

T, = K(8,-neég) = :’-:2- $Z(nbg) (17)
n
I G2 -
og E; s +RIJ = Ko_ (18)
U
0
R=1 1 (19)
2 ®la/myamhsia

In the simulation of the systems it is more important
for us to know Pm instead of em sizce Pm must be limited at a

specified value. From information supplied for this simulation

we have
[
0, = 4 \T“ P (20)
and
e 1 “
B = 2 4 = (21)
T K J
m =) g2
n



T /K

SHAFT STRING ConstanT GEBAR RATI0 LoAp NERTIA

Sm /].,.,,,,.l_"meg %“ m O
J

Figure 1 - Schematic Illustration of Load Coupling Shaft
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J ) s24x
On _ (n% (22)
m K Q;)Sz
n

s

Pits

then

S .1 1 (L/K)(J/nz)sz-l-l—l (23)
T a 1

(1/K) (3/n2)s2+ (3/n2)s2 ]

R = _1 (24)
Ta 352
Since Tm = P dm
6 nd
55.: __% (25)
m JS
also from equation (20)
i, =3nlm (26)
Pp Op

which provides a transfer equation of eR/em in terms of em/'l‘m as

R .n [T (27)
em JSZ gm
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Main Arm Load Inertia

Changes in inertiaz of the gimbal ring and gondola
create a complex change in the load equation for the main arm
due to the shift in vibration modes of the main arm structure.
Using the same equations as used in the Rucker Report No. 412,
we find that +he inertia coefficient at

LUMP-9 Jg = 352 x 103 1b-in-sec?

Radius of gyration = 92.6 in

Z9 = 600 in
o zi : 9 (z.)2 = 146.8 x 108 1b-in-sec? (28)
9“9 2 9 iy
(Rg)
LUME-10 I = 78 x 103 1b-in-sec?
Sphere Radius = 6 ft
Z10 = 600 in
J 2
my9%10%= =—2%— (2,02 = 13.6 x 10® 1b-in-sec (29)

5

Summing ail of the inertia torques (mZ) from LUMP-2 to
LUMP-10 we have the following:

(HUB) m,Z, = 0 ib-sec?
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Z., = 2.65 x 103

B3%3
m,Z, = 1.96 x 103
mZ, = 2.72 x 102
mgZ, = 3.54 x 103
mZ. = 4.80 x 103
(FORK) mgZy = 3.74 x 103
(GIMBAL) m Z, = 24.60 x 103
(GONDOLA) m (7 = 22.60 x 103
TOTAL 66.61 x 103 1b-sec? (30)

The counter weight mass is located 95 inches from the
shaft on the side diametrically opposite from the main arm. To

obtain static balance such that
1
- 31
miZi 0 (31)

(CWT) m. = 66.61 x 103 = 701 Alb-sec? (32)
1

This is considerably larger than the initial CWT mass
of 626 1b-sec?/in as specified in the Rucker Report No. 412, p.
324. Assuming no other inertia changes and using the new (CWT)

mass the total moment of inertia is expressed as

E o 2
Jp =Jdp ¥ I+ mz, (33)
1

i 2,10
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Jp = (1.53 + .573 + 42.3) 106 = 44.4 x 109 1b-in-sec?

Jp = 119 x 106 1b-ft2

This value differs from the value of 115 x 10% 1b-ft2
that was given to us along with other inertia changes. These
inertia changes will cause different modes of vibration to be
reflected back to the main arm drive system. The solution of
these vibration effects requires the use of 22 equations. This
was discussed, and it was felt that the inertia changes are not
great enough to justify solving these equations again with the
new values of inertia. Therefore, the value of 115 «x 106 1b-ft2
was used in this simulation.
B. Hydraulic Compomnent Simulation

Befere simulating the flow control valves some thought
was given to valve nonlinearities. To simulate the valve non-
linearity of flow versus spool displacement we may express it by

the equation

where Qo is flow at rated valve current
y is spool displacement

PL is load pressure drop

- 10 -

(34)

(35)

(36)
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Carrying this one step further, we consider the case
of supply pressure regulation due to flow. The characteristic

of the valve including supply pressure regulation is:

K

% . a__ . 2 1-k Ja) -
I, (1 + s1)2 KJTT_ q,

where Qo is flow at rated valve curreut

L

g
=

S

K, is valve gain
k is sup#ly regulation due to load flow
P. is load pressure drop
Since only small pressure regulation 1s generally en-
countered in this type of system design, this effect was not
considered to be necessary in this simulation.
The block diagram for both the lst and 2rd axis control
system is shown in Figure 2, '
¢. 1lst Axis, Gimbal Ring System
(1) Linear System Analysis (Paper)
The system performance was studied in both a paper
analysis and analog computer study. The paper analysis is a
study of the linear system and is used as 2 means of checking
the analog computer simulagion. A different configuration of
system loops is used in these two studies to provide a means of-

comparison. Figure 3 is the block diagram for hoth axes in a

loop configuration used in the paper analysis. The frequency

- 11 -~

(37)
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response characteristics of each of the major loops of the system
are recorded in the following figures. Figure 4 is the open loop

gain and phase characteristic of Qa to Qp including the feedback

gain of SAa/Kp' Loop gain greater than unity is still evident at

1000 radians per second. Figure 5 is the closed loop characteris-
tic before being multiplied by the 1/H term of Kp/SAa and is re-
corded only to show that a high peak in thehfrequency response
does appear at close to 1000 radians per second. This is far
removed from the range of system response, and it is proved later
in the analog computer study thaé this characteristic can be re-
placed by a unity gain without affecting the system frequency

response, Figure 6 1s the closed loop transfer characteristic of

Q

a r.o_QP over a frequency range that is related tc the majority

of the system elements. Figure 7 is a similar characteristic for
the loop of e, to Qp and Figure 8 for the loop of e, to Pm’ Figure
9 is the complete closed 1oo§ transfer'charactefistic for the 1lst
axis control system. in which it becomes apparent that the system
response will have a peak of 5.1 db at about 1.2 radians per second
which can be expressed as an amplitude ratio of 1.8-with a damping
factor of 0.3 and a natural frequency of 0.184 cps. 3
(2) Linear System Analog Computer Study
" The block diagram for the analog computer study of_both

the 1lst and 2nd axis control system is shown in Figure 10. It will

' be noted that this is the same system as shown in Figure 3 but with

a different érraﬁgemént of feedback loops thus permitting a method

- 14 =
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of checking the system simulated for the centrifuge study. Figure
11 is the block diagram of the lst axis gystem with the analog
computer diagram shown in Figure 12. The time scale factor used
throughoqt the studies is 1 (real time scale) and a unit volt

of analog computer output represents a single unit of the quantity
simulated (e.g., 1 rad, 1 1lb-in, etc.)

The analog computef test result of the frequency response
for the lst axis system without nonlinear elements is plotted in
Figure 13. This indicates a peak amplitude ratio of ocutput to
input as expressed in decibals of approximately 5.2 db at a fre-
quency of 0.175 cps and a crossover frequency of 0.195 c¢ps. Beyond
this frequency the ratio decreases with a slope slightly in excess
to 20 db per decade. The phase shift plot starts at zero for zero
frequency indicating that the system is a position controlled
system as required for. this application.

The response to a step input for the lst axis system is
shown in Figure 14. Each recording channel corresponds to the
circled number in Figure 12. These recordings show that for a
step input the output position has about a 50% overshoot and
reaches a steady-state in approximately 9.6 seconds.

(3) Comparison of Paper Study and Analog Study

The phase and gain characteristic of the paper analysis
and the analog computer study have been plotted on a single graph
shown in Figure 15. These graphs show very good agreement and-
indicate that the system simulated is a good representation of the

actual hardware.

- 22 -
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error limit set at +0.2 rad will permit an input comm‘nd ef 4 %E_

-seconds for a 4 rad step input.

system simulatibn was 0. 1 radiansﬁ- - l ;'5ff;v_. {:f;

- F-B23002-1

(4) Limit Circuits

The actual hardware system has physical limits which
must be simulated in the analog computer study. Erom informatirn
submitted for this study a4 tabulation has been made <or the 1st
and 2nd axis systems of the significant limits and is shown in
Figure 16. _ - |

The effect of these limits in the 1lst axis system .s
shown in Figures 17 and 18. The system is ;table for a step
input command of 0.5 radians. A step input command of 1.7 ra&iéné?_

cs shown in Figure 18 will cause the system to become unstable.'

s "

Command si;;jnals in actual-system operation can exceeé 1.7% radian

Provisions“must therefore bc made to limit the-grror signalutp'auf

o
=,

level that will prevent the system frOm becoming unstable. A

-9

radians without becoming.unstable. The computer study of this
system is shown in Figures 19 ani ZQ. The t:.me ta.reach steady- ;'g§3;f

state has been extended to 21 and 37.6 sec gs compared to the 9. 6 .i-; 

e

secénds settling time for the’linear system. This 1im1t has- alsov;
reduced the velocity of the lst axis system from approximatnly x$2“

'—' h
- -:‘a’

rad/sec to .85 rad/sec. With the limit set to- tO 1 rad tﬁe settl-ﬁ

o

ing tlme iucreasea to 34 seconds fo: a 2 rad step input gnd,éz

K3

(5) Effects of Distarbance Forces '.-f' if?

N - . Gy

- 28 - SIEREE R
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Al these limits are in reference to Rucker Drawing
No. 05018 entitled " Hydraulic Circuit (st Axis &
20d Axis Drives FAF' and fhe Rucker Memo AC-I

SYMBCL{ DESCRIPTION IST AXIS 2ND  AX|S b‘@éoﬁ%
Qa |SERVOVALVE Flow|3GPM (1800 955)7 56PM(200 psi) st 9
(1.5 e {19.2 %o
Xa |STROKE OF pistol [.625 in 1L.&I3 in
-
ANGULAR DISPLACE
@ MENT OFWZ!BBLE 352 red 362 mad st 2nd
|PLATE
0 HYPRAULIC PUMP 1746pM (4500p5D) I?OGP& (@Soops
P M?pr‘--)(a ) | B4 e |690 Hec ISt
Bn |MoroR pREsSuRe| 4500 psi | 4500 psi st Znd
*
Tn [MOTOR TORQUE| 605 im-tb | 15800 - | 2
(To= dInf) | (213390 | (dm=375 )|
G | MOTOR SPEED | 2140 RPM | (720 RPM
245 "3 | (905 o,

¥MOTOR TORQUE LIMITS ARE FROM EXHIBIT F,REF DATA
SREPH 6R-470-2 AND EXHIBIT H, pK,DATA GR482-Z

-29 -

Figure 16 - Component Limitations of the lst & 2nd Axes System
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simulatioﬁ as TG/JGR as shown in Figure 1C. In order to keep the
system stable for a step disturbance, TG/JGR = D, in the steady-

state, the equation to be satisfied is

J
P, = -ER (-p) (38)
ndm
and
T
P = .._(i._ (39)
m ndm

where TG is the disturbance torque at the load side and is assumed

to be a step function.

In making this study the following cases arise:

-

Ig
nd ]
m

max >

(1) When le

the system goes to steady-state with no error in position

of eR as shown in Figure 21.

Ts

max = [
: nd
m

(2 When le

the system becomes stable with possible error in position

of OR,
{(3) When |P Tg
; o nd

max <

the system becomes unstable depending on the time dura-

tion of the disturbing forcg;

Case 3 is a condition that could cause serious trouble
in the performance of the centfifuge and‘wili therefore be studled

nore closely.
’ - 34 -
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I1f we let
A (T _.-nd P ) = (40)
JG G mm
1 .cC C
6p(s) = =5 ~ = =2 (41)
R é2 s S3
I
- eR(t) = 5 Ct (42)
From Figure 10 between Qp and st, we may write,
4B ;
[Q, - d_s8_ ~(C_+C )P ] ——— = sP
P m m o p°m VL+VP ) m (43)
where
dp2
dpsty = X sP, + nd;sby

Let sP, = 0 at t > &, where ¢ is small p&sitive number. Then we
have
'Qp-ndmseR---(Cm+Cp)Pm = 0

Qp = ndmseR+(Cm+Qp)Pm ) (44)
C Pmax
Since seR = =3 and Pm,ﬂ -
8
Q (s) = nd -Q~+(c-;0)-z¥'l§-’-‘- T
P m 2 m p S (45)
- 36 -
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Therefore,

Y e
Q (t) = nd_Ct + (cm+c.p)Pmax (46)

For the 1lst axis (Gimbal)
n = 66
d = 1.33

0.002

©
o
"

= 0.002

(¢
|

4.5 x 103

o
i

max

.+ Qp(t) = 88Ct + 18 (47)

But meax = 284. If we substitute this wvalue into the above, we

have .

_ 285-18
88C

= 3,02 J 1
GR -
TG ndmpmax

where

]

396 x 103

J_ = 215. 3
R 15.5 x 103, nd P

b = 650x103 o (48)
Tg-396x103

Tgis t indicates the_time when Qp reaches maximum, and.
after.this-t, the system (lst axis) becomes unstable (see the fol-
lowing t ~ Tg curve). ; : ;

The compariéons between-t'- TG'curve (fig. 22) and\agtual

analog computer results are made as follows: _Figure,ZS:

- 37 -
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T— = .2 x 10.5 = 2.1

LT, = 2.1 x 215.5 x 102 = 452 x 193

G
t =5
The analog result shows the system is stable, which _ : 1

checks with the curve. Figure 24:

T = 452 x 103

Y

£ = 10 s ' P
Stable by both results. Figure 25: : L : 7 _'=Eh;
T, = .2 x 15.3 x 215.5 x 10° = 670 x .07 >
(A t =6 :

unstable by both'resdits. ) ) )
(B) t =3 - e

ungtable &y both résults{ i fi
(c) t =2 ) . 2 ~§;i

stable by both results. g . o . ? :.-:;1535
We Fherefore h27e been abie to analyze ;nd predict tﬁé f: ;?;

effects of disturbance torques to the lst axis sjstém and verify

these results by use of the analog computer.

o

D. 2nd Aﬁis, Gondola Ring System e - -

(1) Linear System Analysis (Paper)
As in the lst axis, this system was studied iq-bqihtd-fi“{1:;

paper analysis and analog computer study. - Ihe;q:an;far'-'
- &0 - _ - Sl
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characteristics of phase and gain of the iinear system paper
analysis is included for the indicated loops of this system.

Figure 26 is the closed loop characteristic of Q, to QP' .Figure

27 is the closed loop characteristic of e, to Qp and Figure 28
is for e; to P, . Figure 29 is the tramsfer characteristic for
the closed loop response of the complete 2nd axis system which
indicates that in the frequeécy spectrum the system response wiil
have a 5.5 db peak at approximately 0.8 <ps with a damping ratio
of 0.3 from which we would expect an overshqét of 1.35 for a step
inpat.

(2) Linear System Analog Computer Study

The block diagram for the analog computer study of the
second axis system is shown in Figure 30 with the computer diagran
shown in Figure 31. As in the study of the first axis system, the
simulation is made in real time with unity scale factors. |

' The analog computer test result of the frequency re-

sponse for Fhe 2nd axis system without nonlinear elements is
plotted in Figure 32. This indicates a peak amplitude ratio of
output to input, as expressed in decibels of approxim;zely 6.8 db
at a frequency of 0.8 c¢ps an& arcrossovér frequency of 1.85 cps.
The phase shift plot starts at zero for zéro freqdency indicating_
that the system is a pésition'controlled system Qs réquired for
this application.

The response to a step input for the 2nd axis system
is shown in figure 33. Each recording channel corresponds to

the circled number in Figure 31. These recordings show that for

- 43 -
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a step input the output position has about an 807 overshoot
and a settling time of about 1.4 seconds. 1In comparison to the
lst axis system, the. percent ovezshoot is 1 6 times larger and
the settling time 0.146 times less.

(3) Comparison of Paper Study and Analcoz Study

The phase and gain characferistic of the 1./)er analysis
aund the analog computer study have been plotted on a single graph
shown in Figure 34. These graphs show very good agreement and
indicafe that the system simulated is a good represeﬁtgﬁion’bf
the gctuél hardware. _ | : -

(4) Limit CI .cuits

. The limit as determined from infprmation_submitfe&afor”

this study are shown in Figure 16.
shown - in Figure 35. The system is stable for = step input com-~

mand of 0.2 rad., A step input command of 0.4 rad will §auéé,tﬁé
limit the error signal to a level that will prevent the system .

a command of 1.85 rad to be aprlted., Comﬁanﬁ angles ag largé ;8

3.14 radiané or greater will be subjected &o this axis. With an’

'J

error limit set for +0.1. radidﬁg a command signal of 3. 2 radians»»'

'can be applied as shown in the computer results of Figure 36.

L K -

&his has 1ncreasen the settling t;me to- 13.4 seconds -as compared ta Q s

The effect of these limits in the -2rd axis system 1is T

system to become unstable. Provisions must therefore be made to'.;'

‘from becoming unstable. An error limit of +0.Z rad will permit"

J -the d.4 seconds for the ‘tinear systen. Tﬁia limit has very littlb:}f;‘

i
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for the second axis system.

(5) Effects of Disturbance Forces

A discussicn similar to that used for the disturbance
forces in the lst axis system may be applied to the 2nd axis
system. From given maximum condition we can solve for the maximum
value of time for which these conditions can be sustained. Solv-

ing f h ing ti 46
ing for meax’ we have (using equation )

Here
Q (t) = rK 8 (t)
P PP
= 4,812 x 385 Bp(t)
= 18 8 _(t
1850 ot )
and Q = 690 and © = ,362
pmax pmax

Therefore, we have

1850.6p(t) = ndmCt + (Cm+cp)Pm

ax
where
n = 58.5
dm = 3,75
Cm = 00,0033
c. = 0.0
p 033
- ) 3
Pmax 4.5 x 10
= ,362
pmax

- 56 -
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) L 670-29.7 _ i
- b T 23ssc 1.4 Jop Tg-al
where
- 3 = 3
Jop = 32 x 10 nT_ . = 925 x 10
.. . 44.8 x 303 (49)

Tq-925 x 103

Therefore, for the 2ad axis system, the above expression
of t represents the maximum limit for system stability.

In addition to the.cases considered so far, the follow-
ing caseshould be also considered for the 2nd axis systen.

Pressure and torqué response to a step disturbance
torque has, in its transient period, damped oscillation. This
oscillation is more evident in the 2nd axis system than in the
first axis system due to the 15 db peak in amplitude of the
pressure loop at approximately 5 cps. Comparison of Figures 8 and
28 shows this large peak in the second axis system where the first
axls system is relatively flat.

Therefore, if the torque difference (response overshoots
and step disturbance) remains above a certain value for a certain
period, the system would become unstable for the same reasun
applied previously, even though the disturbance is less than the
maximum system torque.

The curve of time and torque difference which divides

stable and unstable regions is drawn as shown in Figure 37.

- 57 -
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From this curve, the following data are obtained:

Disturbances

Time Torque Difference TG x 10-3 = (925~Cx10"3)
t(sec) C x 10-3(1bh-in) (1b-in)

.7 65 860

.6 . 75 850

.5 90 835

4 110 - 815

.3 150 775

.22 200 725

Accordingly, the stable and unstable regions for the
2nd axls system will be drawn as shownon the following page,
Figure 38.

The analog computer studies show instability occurs

at TG X 10”3 = 74£C (Figure 39). For Figure 39 A:
T
G_ _
2 T 5 x 9.5 = 47.5
GR

L Tg = 23.75 x 32 x 103 = 760 , 103

t = 2,8
Unstable by both results.
For Figure 39 B:

T. = 760 x 103

G
t = .15

Stable by both results.

- 59 -
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For Figure 39 C:

Ty = 760 x 103

t = .5

U;stable by both results.

Again . we have been able to anglyze and predict the ef-
fects of disturbance torques to the 2nd axis system, and verify
these results by use of the analog computer.

(6) Coupling Toréues

Due to the physical'arr%nge@enf of the drive inppth;bf

a supplement to the initial specifications stated thag_the toég&§%3 
applied at the lst axis by the 2nd axis drive m 3t = counter- :ﬂ‘“

balanced by the 1lst axis drive by -.3884 T . Tke metﬁéq ef'éimﬁ?f?::

s

lating this effect is as follows:

A ot o P ST e et

BT R

e

Tp1 = (Py1) (dpy) ) ' S - /;;”é B
Tp2 = (Pp3) (dg)) PR S
Tml' =, 3884 Tmz : ’ - ) e : - b . - ) -'; J
) P 4 - . o ‘:'_ ‘_ e
- m2 m2 - ’ . - LT
P ' = 03884 ""g"'"""" ) - o
ml dni . T

The value of Pp,' is then summed in’with Ppj to produce - .

the lst axis torque which is now a function of ioth;thedlgggaiﬁ’-

2nd axis systems due to the Eoup}ing effect.

-

- 62 ~. -
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Compensation for the coupling torques was included in
this computer simulation. The firs:t axis velocity was summed
in with the second axis velocity through the proper gain factor.
With the second axis input command at zero, a torque will be de-
veloped in the second axis system due to the mechanical coupling
of the first axis to the secoad axis. This torque is coupled
back to the first axis systeﬁ through the prcper gain constant.
The second axis system has therefore been forced to assume a new
output shaft position due to the first axis velocity. This new
output shaft position is compensated by feeding in an input com~
mand position that is a function of the first axis commauad pqsition.
This will hold the second axis position steady for changes in the
first axis position. The coupling effect of the first axis upon
the second axis position is cshown in Figure 40.
E. 3rd Axis Maia Arm Drive System

(1) System Configuaration

The main arm drive system is basically a Ward Leomnard

>

configuration cunsisting ¢ 2-2500 KW divect current generators
connecéed in parallel to deliver drivimg power to a 6700 HP,
11/48 rom shunt type direct current motor. <rfhe control system is
designed to permit maximum tcrque delivery froﬁ the motor over a
speed range of zero to 11 rpm. Above this speed constant horse-
power limit is achieved by weakening of the motor field thus
permitting operation up to a top speed of 48 rpm. The control
system is a velocity type in which the motor shaft speed is pro-
portional to an input command signal.

- 63 -
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The block diagram for thie system is shown in Figure 41.

(2) Confirmation of Final Parameters

Consid2rable effort was expended in checking the hard-
ware information against circuit diagrams in order to insure
ar accurate simulation. As a basis of comparison the zero mode
load simulation as perfcrmed by the Westinghouse Corporation was
used. The specific test cited here is the Westinghouse Figure 8-6
which is a ramp starting at 1.15 rad/sec and rising to 2.7 rad/sec
in a period of 2 seé. The results of the analog computer test as
performed at The Franklin Institute Laboratories using the computer
program of. ‘Figure 42 are shown in Figure 43. These curves
show good similarity with the exception of the current peak magni-
tude. The current reaches a peak of 18,400 amperes. According
to the specifications, this current is not to exceed 15,000
amperes. The same slope of ramp was used with the upper level
extended to 3.9 rad/sec as shown in Figure 44. The current has
definitely limited at 19,200 amperes which is considerably in ex-
cess of the design value. An attempt was made to limit this
current to 15,000 amperes by adjusting the voltage limit of E,.
Figure 45 shows the results of this approach when an input command
equivalent to the maximum g profile is used. It is quite evident
that the system becomes unstable. It was found that the limit for
V1 had been improper;y specified. By using the proper limit value
for V; it was possible to produce the marimum g profile without

exceeding the 15,000 ampere limit and without the system becoming

unstable. These results are shown in Figure 46.
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(3) Effect of Step Change in Velocity Command

The ramp input has been studied, and the results indi-
cate that the system will perform satisfactorily for this type of
command. The effect of step changes in input command are also of
considerable importance. Tests showing these effects are recorded
in Figures 47 and 48 wﬂere the initial velocity is 1.15 rad/sec
and the step change 0.1 rad/sec and 0.15 rad/sec. For these small
changes the output has sevtled to the new level in slightly less
than 1 second with approximately a 60% overshoot.

(4) Effects of Disturbance Forces

The disturbance torques subjected to the main arm have
been considered in order to determine the effect upon the main
arm velocity and thus determine the necessity for feed forward
torque compensation.

Computer studies were made of the main arm control
system during which time disturbance torques were applied as
step functions and sinusoidal functions of different amplitudes.
A tabulation of the applied torque and the resultant change in
main arm velocity is shown in Figure 49.

By assuming the maximum conditionr. for each of the
variables, we can determine the extreme forces that will be
developed working against the main arm. The equation for the
distucbance is

Tgy x 1073 = -324p sin 6 + 331 §

- 72 -



,os',u.[& ) T
LInE SUSSONRUSS— T ;
—Y. ;

LSV
= A
L INE

Goo_Arzp e
Livg R T T

-
e
1

(& Mooz laap

Kv>4 . e e e [
He=le - e . —_ - .

J =3.88x0¢ T Tt TTTmT o e e - e
LB-Fr.g5ct N R IR R e

Leosyes S
LIN‘ ° - - ° - : ) Tttt T et - " " s ---: i b T

E, L ; "":":”::i.—'__”.' ___'_'f_

, 0.5 YoLTs B . -
LInE — | . - - - - ) .--—-... -

¢
J75 %8 Lgrr
e

1§ N \/\, N e :
-Tom ‘ [
7- e T e A S S e

&8

Figure 47

-73 -



. BT R e e g

$
| T -
oefod ettt doi ] B 3 ’
e R o o - M 3 , _
i TR e ]
-— ___ ”_ H 4 o
EnRERp 3 .
PR R A8 -
A M = ¥
e v - -3
.m . '
i- X '
.ml,
. e §
i A be'd
I i N
I ' o
o R 3 -} ) M
Lol i
gl ) ) . _
1 L. ord ]
4 -3
I .-
1 i i
.“m.n [l ! ".....le - L
o i doeta .
v 1 PR Cor A
P R T SN 3 oo ..
.~. - } L . L
! B -
ey L

e

Vo. 75
. INE

§ynTs
L2
LINE

E,
05
€
J75 %6 aoer
-Ton
.

LB-Pr-sgct
/.0¢

7-A
&8



UN y 1 .
ﬁ%ﬁa. QPL 7r; éfﬁq

17 O Rav, /sec. /. i2%10° Lg-Fr | 0375 Rapn/ss.

/8 (o] 2,24 -yXy

/9 s 4.48 . 1562

20 0 A 2

21 /.75 /) /2 0313

22 /15 2.24 . 0937

23 His 4.48 '/ 56

24 /15 S6 313 X

25 3.0 /.12 0785

26 3.0 224 125

7‘7 3.0 4:46 ¢ ’ /5.‘ *

28 0 MZ x5 1s-7 o] 1025 [sm2t]

29 o /.12 ,063[S/~v /az_s

20 o 224 1388 10t

< o 2,24 1638 [s/w 2]

22 o) 448 I3 [Sn zz%

33 (o] 4.48 , 2285 /0%

34 3,0 512 1085 [ Sin /0

35 3.0 L2 094 [3Sm 2t

36 3.0 2.24 , 21908/~ 28

37 3.0 2,24 .08 [Srwmt0t,

28 3.8 4,48 144 [Siv 10t

39 3.0 448 78 [Sm~ 2t
MOTE :— ( 91(') /NDICATES SYSTEM BECAME

. UNSTABLE,

Figure 49 - Effect of Disturbance Torgque on Motor Shaft Speed

75 -

c.
it o L amt,
st i b



-13.7 8

F-B2300-1

R sin ¢ cos ¢ cos @

-370 @éR sin 6 cos 6 -32 éé cos ©

+13.7 éRz sin ¢ cos ¢ sin 6

~27.4 &&R sin ¢ cos ¢ cos? @ (50)

Using the maximum values of

GR = ,85 rad/sec
¢R = 2.0 rad/sec
5R - 6.65 x103x58.5 1b in _ 28.4 rad/sec?
13.7 x 1031b in sec?
- 3 .
by = 15.5x10° %66 1b in - 32 rad/secz
32 x 103 l1b in sec
;R = ,7 rad/sec2
¢R = 4.4 rad/sec
we obtain a value for Tcw of
Top = -.435 x 100 - 1,02 x 109 sin 8 - .247 x 10% cos 8
-.1205 x 109 cos? ¢ 1b in (51)

Computing this torque for angles of 8 varying from 0 to

90 degrees, we obtain values of disturbance torque which are plotted

in the curve shown in Figure 50.

disturbance torque will be approximately 0.125 x 106 1b-ft. Re-

ferring to Figure 49 we find that the change in main arm shaft

velocity (&m) will be less than .01 rad/sec.

of .01 rad/sec is equivalent to an acceleration of

a =

.01 x .01 x 50 _ .00016 g

32

- 76 -
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These torques wilil produce very little effect upon the
main arm velocity and are therefore not included in the simu-
lation. This also indicates that feed forward compensation is

not needed in the main arm drive system.
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CONTROL COMPUTER

I. INTRODUCTION

The main control function of the centrifuge is im-
plemented by the control computer, which is so calied to be a
computing device to compute the proper control signals to the
centrifuge control systems.

The objective of the control computer is to coordinate
the centrifuge control systems with respect to the design values
y? Az' Therefore, it

accepts the acceleration inputs as well as the control system in-

of the centrifuge acceleration inputs Ax’ A
strumentation ocutput signals and continucusly solves a set of
equations to provide the command signals to the control systems

to generate and orientate the output resultant acceleration vector.

I1. CONTROL COMPUTER EQUATIONS

The control computer equations are the equations of
motion of the three centrifuge axes derived from the physical re-
lated configurations of the three axes. The development of the

equations is shown as follows:



CENTRIFUGE  CoNTROL COMPUTER EQUATIONS
Four right-hand cartesian coordincte systems
have been wused +v define the acceleration wectors
[n respect fp the earth , the main arm, the Gimbol
Ring and the Gondola respeckively. They are

(X, ¥, 2Z) center at wam axisfy; fixed o eatth
(U, V. W) center ot Gondola ¢, fixed 1o wain arm
(Xgr, Yor,Zer) center of O/, fixed 4o Gimbel Ring
(Xs, Y. %6 ) center of 0, fixed v Gondola

ith OO"—'—’R = /engff) of the maw arm , Their
re(ations car be expressed by

ng } 39 ) 3}] 2[5“ ’ ?U' ) ‘:N][qj} ()

Liw, dv, i) =l o P (6] (2)

Chge, ferr sl = (i tav, Fezl(9] (3)
with

rCé’S‘y" s ¥ O\
[il/]"" -Sin¥y.  cos¢ 0 (¢}
L O 0 I

-
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CoMNTRoOlL. COMPUTER EQUATIONS

rCos g o -—sin&_(

[6]<] 0 1+ o

B o o]

| [Q?]r 0 COSP s
0 sy as?

In?h‘qﬂy,when V=0G=¥=0 ,

0 - * - ® »
Ix = e = loggx = lex
L & o e

1 ¢ ol »
3= In= Yere = fse

where iy is the respeckive unit vector of
coordinate axis £ .
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COLDTROL. COMPUTEBR BARUNTOLS
The position of Po:?ﬂ' O’ with respect to
(Xi ¥, 2) coodinates s

0" = xR cos PR sim ¢ (7)

The rate of change of O with respect v time or
the velocf'l’y of O s

0’ = +1&R¢%V/-;,R¢cos4) (#)
The acceleratior is

sy . . 2 . o2 | »
0’ = ¥ ‘&V/ 3«’-";’(,1"’!‘ R¢ C’f’sw) + !g(,‘\’ L}"ZS‘;'*L,L" R l,lzga_('b/\
(9)
With the consideration of gmvit‘a;h‘onaal occeleration

in the 3 direction , the accelerahon vector A at
O in (%, 4, §J wordingtes s

A =ix (Riz snft+R \/:260599)4- !;(E‘/;zsahyx'ﬁ(;cos%)
+43 9 (19)

with 8 = 32.2 ’CSQCZ
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or (ol cosy + RY swlp
A =Ci, iy, 3] | RY s —RbCast
7
" rCf’f‘f' sind 0 k¢’
ALib il gy oy of[RF|
~ 0 o LT

Substituting  equations (1), (2) and (3) into (1) Ho
get A €XP(€$7€?d n Gondola coodinate sysfen

Cxe; YG; ZG)/ we hqve - ar .é‘
st st 4 v

A:: [“06)(' i?gy . ‘?GZ] [?}E9]E{'] Sw Gty O ﬂ;'

ko o | ?i
- 17 e b
: | 0 0 Rq‘f
:[‘st;‘%v;‘gcz][ﬂ[a] 0 - Ollpy
o o iy
L J!
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CovTROL COMPUTBR EQUATION'S

cos@ O -0 R\(:27
A=l oy gl crngsie e )= ré
ox, Yoy, ‘aa| sinGinp  Cos§ @ |~ KY (12)
é,;,@wscf ~swf st @S| ?J
Therefore,
Aoy = R‘I:Zc:os@ — 2 nl 3

Asy = ﬁv‘:zgzb&‘sdﬁf’ —R¢ cos@ + 9§ axb s (%)
Doz = RE* oy +RE s0f + §eompeosy ()

Solving sn® and cosO from equakion C!%),

(P +§5in6)" = R¥Y) (1= 5i76)
Ao + s + 2 3Agesnf + (R f'siF6— o) =0

FHRIT] 578 t29A05n0 + Aar ~RED <o

i g = _21hex £ 4T A - 4 [0 + 0 V58 -Fei B
Shg =— )2 -
2[4+ (2%)°]
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~ - + (RF RED*+ 3% - At o
s = =L m%')’i 7 N NC]

nd  from equation (i3)
Ré*cosh = Age + ??/nﬁ

g P~ P LR |
REV+ 9> L

f = RE%) e + 4 J(REF+ §- AE,, _ \ o &

T

We may solve for sf and cos ﬁvm echbons
04'\ and (/5) ' : o

{ Aoy = [j(ﬁt//)smg +4 ws&]Smj’ (Qc,b) 60590 i
Aez = ((R&#) sié +§ cosﬁﬂ P + (gcl-) 54930
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Cc EQUATIONS
Ll a4, = (e¢V s + § cos& (18)
the equations (14) and (IS) become

§A6y= A s ¥ — (k¢ eosy (3)
AGZ :—.(K()’.}S”‘ty + d; coS'S” (ZO) _
Or

;d; Aey = &’ ¥ - AR F)cesy
(ﬁ{Z//’rez :(ps}f)zszéﬁo + 191(36"5/:) 60530

[ 24

" GAsy +R¥Asy = [ @7+ RE) say

5627)’0-.-.— aler + (R¥)Asz

d:z‘f' (Q'f.;)z él}
Sf;m\far/l//
a Aoz —(R¥) Asy
wg = ,e Z :
S/ dtz"f' (RV’F (2)

Simplifying &, i equahon (18) ), we have
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o <D t ETHTAg R + et i

RE)*+9*

4= f/@zﬁf 9 per

d(z“" (K‘/’z}z'l'?z'—»A&

g 0

L

-~ 88 -

s = (€¥ a0 1Ay J(REV 4% AgE
(VY + (R +§* -Asi
—
B " "
COS? - —R¥)Aey + A /a'ey,‘)z., ;’:,A 2
@L)+ VPt 8- A
u RY 14

(23)

(2¢)

@s)

(2¢)



CC GRUATIONS

Furthermore , when we multiply equafion (19)
with cos® and equaton (o) with an ¥ ,we
have

gﬁér cosf = a,sm'f cos¢ -(ﬁ@)wszf 7)

Asz snf = 4 snf s+ (R sip (25)
(22) - (27),
( fst 3P Poy coslf = (RE) ) (9

Substitubing equations (23),(26) inte (29) we
have

Aez"(@s'ﬁ') + Per (RE) o
(RE)+ (RE)*+ F—Pesx

or

Pax + Aot + Pez = RET+(RE+ 2 30

or ‘ |
ﬁ H = o her+ el = [ V2 REPH™ 39
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CONTROL COMPUTER EQUATIONS

More useful equatons for the Control
Computer simulation can be obtained from the
original equations (3), (19 and (1=). From
equations (19) and (20), we have

Aey s + Aaz cos¥ = B2)
Since

(REYsh@ + 9 cosf = a, (1¢)

by <in ¥+ Aeg s P =(kF) 56 + s 6 = 4, (33)

Differentiating equation (31 with respect to time,
we have

,4;,/4:;,( fﬂsw‘?;r"‘r‘@ﬂ:gz =28 ¢ F+ Rz‘/’ ¥ (3¢)

Differentiating equation (13) with respect fo.
time , we howe

ﬁ'@( = 2RY¥ WV cos® - R‘f"zsz'nﬁé - ?cosﬂé

[

Zkzwi:os& — Agx (35)
R )sin @+ ? cos@

oY

g =
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or o o »
e  2RY $cosE —
4 = L4 Z, Ao (36)

Differentiating equation (29) with respect o time,

we have

Asz i + Asecos S?-A’@y cosP + Py sm§P @ = rE

S [ e .
o _ RY t Aoy cosq -'"/‘}673157?1
v Aay sin¥ + Asz cosf 67
—
or . .
?;: K¢ — Porsmf + Psr cosf (39)

4,
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III. GENERAL DESCRIPTION

From

the contrcl computer equations developed, the

assumptions for the design of the control computer were obtained

on the basis of

equations:

the following cutlined characteristics of the

(1) The magnitude of the resultant acceleration at the center of

the gondola is due only to the angular motion of the main

arm and the gravitational acceleration which can be observed

by equation (31)

where AT =

{2) The major

IARI (R R‘) + (R R) + g

simulated total acceleration

length of the arm

= arm angular velocity

arm angular acceleration

gravitational acceleration

functions of the first and second axes are therefore

for the orientation of the resultant acceleration in the pro-

per direction.

(3) The minimum output accelieration is caused by the earth's

gravity.

Therefore, the total input acceleration, which can

be expressed by

IA{ = total input acceleration

\Jﬁxz + a2 + 4,2 (39)

should be at least 1 g.
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(4) From ihe coatrol computer equations (13}, {(14) and (15), it

is necessary to havr-, initially

A, = +1
Ay = Ay, =0
at 6 = o= ¢ = 0 initiszl condition, if AGz’ AGy’ AGX are the

, A

simulated acceleration components with respect to Ax’ Ay

z
inputs respectively.

(5) The derived equations are very general and capable of giving
angular solutions {(8,%®) covering eight quadrants in three
dimensions with respect to the gondola coordinates provided
that there are no angular displacement limitations in the twe
gimbals. This would imply that the control computer is capa-
ble of resolving iAx, iAy, tAZ input signals to coordinate
the centrifuge control system co provide tAGx’ iAGy’ tAGz
accordingly if the instrumentation of the centrifuge is
capable of doing so.

With reference_to these outlined charactéristics, we

can divide the control computer into three parts for the purpose

of simplicity of design study. First, a portion of the control

computer circuit will be classified as magnitude controller circuit

which will be used to compute simultaneously the control command
signal to the main arm control system (3rd axis) so that the mo-
tion of the main arm would provide the proper magnitude of the
resultant acceleration vector at the center of the gondola. This

circuit would include the logics of biasing A, input to #1 g to

be used as the forcing function of the control equations.
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Second, a computer circuit will be used to solve for the
angular solutions of 8 and ® in sinusoidal functions from the con-
trol equations. "These solutions are the command inputs to the lst
and 2nd axes control systems to orientate the resultant g vector.

The remaining portion of the control computer circuit
wiil be the circuit to generate the gyroscopic coupling and the
velocity coupling compensations for the gimbal axes control
systems. These compensating signals may be used by feeding for-
ward to the particular puints of interests in the control systems

for effective compensations.

IV. CONCEPT OF MAGNITUDE CONTROLLING OF OUTPUT G VECTOR

As was discussed previouzly, the radial and tangential
acceleration components of the simulated resultant g vector are
produced by the main arm angular motion. Means for computing the
proper velocity command signal to the main arm control system are
required. Unfortunately, it is rather difficult to obtain a unique
solution for the velocity command &c from the nonlinear differen-

tial equation

|a] = \/(prcz Y2+ (R )% + g2 (40)
with the correct sign for the rate of change of the angular velocity
@c simultaneously. Under the circumstances, an alternate method
to control the magnitude of the resultant acceleration vector was

developed as follows:
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The concept of this method utllizes the feedback control
theory to control the magnitude of the resultant acceleration vec-
tor measured by the main axis instrumentation. The ianput to this
design control loop will be the root-mean-square value of the de-
sirable inputs Ay Ay, A, acceleration components. (AZ' is the
modified Az input by +1 g which will be discussed in more detail
later.) The control parameter will be the computed feedback ac-
celeration AF which has a steady-state value equal to the cutput
resultant acceleration at constant acceleration g-input. The
difference between the input and the feedback accelerations will
be the érror signal e, of this feedback system which wili be inte-
grated with a design value of gain Gc to give the main arm velocity

input, wc. The siggal éc will activate the main arm control system
to accelerate the main arm until the main arm velocity and accelera-
tion reach a value such that the magnitude of the feedback accelera-
tion is exactly equal to the desired input acceleration magnitude.
The system equa;ions of this scheme were established

as follows:

lAll =\/Ax2 + Ay2 + A 2 g's (41)

la;] - ap = €. g's (42)

€c6c = éc rad/sec (43)

écG = $R rad/sec (44)
. 2 2

lAFI ’“VGR(%‘:‘RZ) GT(%‘”R) + 1 g's (45)
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where IAII = total desirable input acceleration
IAF] = magnitude of feedback acceleration
G, = design system forward gain
G¢ = main arm control system closed-loop transfer function

GR = design radial transfer function
Gp = design tangential transfer function
&c = computed input
angular velocit§ of the main arm system

&R, GR = rctual main arm angular velocity and acceleration respec-
tively at the gondola.

The essential design parameters for good system performance
are the forward, radial and tangential transfer functions Gc, GR,
Gy respectively. It is expected that (l) the forward gain Gc
would directly affect the speed and stability of the system; {(2)
the radial transfer function GR would affect the speed and constant
g-input steady-state accuracy of the system, and (3) the tangential
transfer function GT would affect the translent or rate of change

of "G" performance.

A preliminary énalog study on this scheme was made by letting

al = Iagl = ~J(B32) + (8 5) +

where IAR[ = magnitude of the resultant acceleration. This was

discussed in the Interim Report I-B2300-~1 on pages 63 to 68. The
result of this study indicates that the scheme is feasible, and
the system is stable for an arbitrary choice of gain constant Gc
between .3 and 1l.2. However, in the analog study the system
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response was not satisfactory with a considerable amount of tran-
sient error and several oscillations at the steady-state., There-
fore, it was necessary to make a further detailed stucdy on this
system.

V. MAGNITUDE CONTROLLER DESIGN STUDY

The design study of the magnitude controller system accom-
plished for the centrifuge simulation covers a preliminary analog
feasibility study in the Advanced~Time-~Scale Computer, a prelimi-
nary paper analysis on the stability of the system and a detailed
analog study to obtain the optimum design values of the system
parameters forvthe final analog comnuter simulation. Twelve
system output responses were recorded with only one system para-
meter being studied in the preliminary analog study. Tentative
stability conditions of the system for the simple case were de-
veloped by the phase-plane equation analytical technique. As for
the detailed analog study, 116 computer runs were made including
the study of system responses at four levels of input signal (6,
10, 15, 30 g's) with 2-6 g's per second ramp rate trapezoidal in-
puts. It also includes the study of seven design parameters for
good system performance. Two particular g-profiles (S-334-10 and
the maximum G abort profiles) were simulated as inputs to this
system to see the system performance.

In these studies, an approximate main arm control system
transfer function was used in order to simplify the manipuiation

of the problem. This approximate transfer function was used only
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for the purpose of studying the nonlinear magnitude controllerx
system performance alone, and it was not used in the final computer
simulation. The approximation was made from the linear system
block diagram shown in the Rucker Report No. 412, p. 20. System
dynamics with natural frequencies higher than 20 radians per second
were neglected on the basis of an average system rise time ol 0.5
second corresponding to an approximate system resonance frequency
of 2 radians per second. The approximate transfer function was

calculated to be

L4
E% = N +12T6£zzs+ *%% o2 (épproximately) (46
with k; = 2.94 kg = .140 for £full moter flux
ky = 1.85 ko = .160 for half motor flux
ki = 2.94 ko = .180 for 1/4 motor flux -

The result of the approximation compared quite well to the main
arm system respolses recorded in the Rucker Report (Nuv. 412,
p 33). Details of the aépr&ximation procedures were discussed in
the Interim Report (I-B2300-1) and will not be repeated here.

To show the magnitude controller system parameters under study;
a block diagram was drawn as shown in “igure 51. The corresponding'
computer circuit was shown in Figure 52. The preliminary systen

parameters were expressed as follows:

kc(l +?l§) . §47)

G =
¢ s(l + T3g)
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k
Gp = R (48)
1 + TRs
k'!“
Gp = ——t (48)
i+ TTs

where kc’ k k., are gain constants of the respective transfer

R* T

function Gc’ G G,, and T T

R* St 1°® T T_ are the respective time

2 "R> T
constants.

In the preliminary analog study and paper analysis, the

problem was simplified by letting

and kR = kT = 1.

The variable parameter was k., in determining the stability conditionms.
It was found that the system was stable for a particular input of

10 g trapezoidal profile at 2 g's per second ryamp when kc was set

at 0.8. The system was mérginally stable (undamped oscillation

in the steady-state) at the condition of half motor fiux simulation

of the main arm control system.

In order toc improve the system's response, a detailed
study was made considering the effectiveness of each.design
parameter. The PACE gnalog computer was used ia this study. In
the state of determining the values of the parameters, the
reference input used was a trapezoidal signal with different ramp
rates as a comparison basis, A brief discussion on the effect of

each parameter 1s summarized as follows:
- 101 -
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(i) Effect of kc (Runs 48, 49, 50)

The values of k. are of primary importance in determining
the stability as well as the performance cf the system. With kc
alone, the system may reach the boundary stable condition with kc
higher than 0.8 for a 10 g trapezoidal input of 2 g's per second
rate. In general the higher values of gc.will reduce the system's
response time but at the same tiﬁe will sintroduce a few oscillations
in the steady-state if k, is too large. This is shown in the
computer recording Run S$€, Thancei No. 3 which is the recording
of the total resultant acceleration response lAR]. When k. is
small with respect to certain values which are dependent on other
system parameters, the system's response is comparatively poor,
and there will be no overshoot in the steady-state as shown in
Run 49. Run 48 is the compromise of Runs 49 and 50. Four values
of kc(l) were found for four categories of input g-levels as shown

in the following table:

Max. g-Level 6 10 _15 30
k. (Efiii‘i‘i) .600 .516 .580 .323
g

(2) Effect of kT {Runs 70,71, 72)

When the value of k, is high enough, in the order of
kc = ,600, thus making the system dyramics closer to the
instability region, the effect of the tangential transfer function

gain constant ks, will show distinctly on the system's response.

{1)These values of k. are optimized in accordance with other system
parameters kp and Tq
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For a constant value of k., equal to .600 and Ty equal to .333,

the computer recording Runs 70, 7., 72 shows the effective change

of the system's responses for three values of kT. From these computer
runs, we may conclude that the peak value of the tangential acceleration
component R&% (shown in Channel 6) decreases as kT increases from

.01 to .20. The ]ARi responses shown in Channel 3 become poorer

aé ke increases. It should be stated that the effectiveness of ko

will be insignificant when k., is small. "The suitable values of kT

for four levels of inputs were found as follows:

Input g-Level 6 i0 15 30

——— ———— ——e ———

ki .0403  .100 .045 .100

(3) Effect of To (Runs 48, 51 and 55, 56)
Similar to kT, the effectiveness of the time constant
Ty is also dependent on the value of kc. To be more precise, kT
and Ty both affect the response of the tangential acceleration
component Ré%. The combination of these in the latest design of
the tangential transfer fﬁnction GT has the form
(kT+k) (l + ;%i% s)

GT = {(50)
1 + TT 8

where k = 1.
Nevertheless, Runs 48 and 51 were recorded at the condition of full

main arm motor flux with

k., = .516

[ed

. - 103 -



F-B2300-1

kT = ,100
Tp = 2.0 (Run 48)
= 0 (Run 51)
Therefore,
Gy = 1.1 (} + .182s) (Run 48)
1+ 2s

Gp = 1.1 (Run 51)

Comparing these two ruus, we found th~t when T, was bigger, the

T
12 peak value was smaller and the IAnI response was better (lower
overshoot and smoother error signal).

For the case of one half main arm motor flux with the

same value of kc except

kT = .05
TT = 2.0 (Run 53)
= 10.0 (Run 56)
or
GT - 1.05 (1 + .095 s) (Run 55)

14 2s

1.05 (1 + .476 s)
1 + 10s

GT (Run 56)

Comparing Rumns 55 to 56, it shows that when T, is bigger, the

T
peak value is bigger and the |A;! response is poorer which is
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exactly opposite to the statement made above. One thing in common

for these two cases is that the ]AR[ response will be better if

L3R

the ¢y, peak value is comparitively smaller. Therefore, we conclude
that there is a certain range of values of T between 0 and 10 that
will give a good system performance. The wvalues of TT were thus

found for four levels of input as follows:

Input g-Level 6 . 15 15 30
TT {(sec) .100 “ .00 2.00 2.00
k .403 ..00 L450 1.00

(4) Effects of Ty and T,

The original idea of designing Tl and T, in the Gc circuit
was to trim the‘open-loop system response whenever necessary. With
T2 alone (T1 = 0), the system open-loop transfer frnction would
sinply be an introduction of one additional time lag. It was found

that the system was unstable without compensation when T, was equal

2
o 50 milliseconds with

k, = L774 rad/sec2 per g
kT = 1.0
TT = 0

With a lower value of kc, say .387, the system is stable with

an even longer delay of 100 milliseconds.

With both Ti and T, in the circuit, several combinations of

2
ke T;, T, were tried as follows:
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K (rad/secz\
e ]

s / 174 .387 .0645  .0645 .0645 .0645
T1 (sec) .50 .50 .50 .10 .80 .80
T2 {sec) 2.0 2.0 2.0 .50 2.0 .50
IARI response over- 2 g's 1l g poor 19 over- poor
shoots overshoot over- resp. shoots & resp.
& unsmooth shooté time poor time
poor resp.
resp. time
time

The results showed that the cutput responses of IARl were poor with
high overshoots in some cases. Therefore, it was decided that
Tys T2 would not be used as the system parameters in the final
simulation,
(5) Effec.. of TR {Run 34%)

An attempt was made to speed up the 1AR[ response by
delaying the feedback radial acceleration component R$R2. With
the system's forward gain, k_, set effectively at .387, the radial

c

feedback delay time constant T_ was arbitrarily set to be 1.0 second.

R
The system's response was recorded as shown in Run 34. Note that

the upper slope of the [A response in Channel 3 is leading the

|
R
input signal in Chamnnel 1. This phenomenon can also be seen in the
first portion of the IAll - }AR[ response reccrded in Channel 2
which shows a negative signal in the respective time region. This
proves tu fact that the radial acceleration component dominates
the higher level of the resultant acceleration in general cases.
The tangential acceleration dominates the lower level of the
resultant accelerati;n. The area in need of improvement is found
to be the lower level of the IAR[ response. Since this is taken

care of by the design of kT and T the use of the parameter T

T R
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would not be necessary and, therefore, it would n>t be considered
in the final simulation.

(6) Effect of kR

If we choose the gain constant kR of the radial transfer

function GR to be a valu2 smaller than one, the angular velocity of
the main arm éR will be higher than it should be for kR equals one
and vice versa. This was examined for two different values of kc
of .774 and .387 and two different values cf kR of .8 and 1.5 at kT
equals 1.0, and the system was stable at each condition. At the
present time, these tests are of no significant value for normal
performance of the centrifuge. It may be advantageous in the future
to do so for the unusual cases particularly for the high g-profile
simulation where the main arm system may be driven beyond its
capability thus producing undesirable overshoots in the resultant
acceleration response. Therefore, it may be necessary to use a kR
value higher than cne for the purpose of shaping the resultant
acceleration response.

(7) Effect of the Change of Main Arm Motor Field Flux, ¢

Three sets of numbers for the coefficients of the linearized

approximation of the main arm system were used in this study to
Tepresent three cases of the motor field flux level. The design of
the system parameters discussed so far was optimized to cover all
these cases as completely as possible. However, there are still
some differences between a lineariéed approximation and the real

system with nonlinearities. Therefore, it may be necessary to

readjust the values cf kc’ kT and TT in the operation of the
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centrifuge when this control computer scheme is being used. Among
the three levels c¢f motor flux simulated in the approximations, the
case of half motor flux which corresponds to the main arm system
step response at the condition of longer response time with a 25%
overshoot was the most difficult one to design for the values of the
magnitude controller system paramete:r . This half motor flux
condition is expected to occur for inputs lower than 10 g's. An
alternate combination of kc. k,, and T_ was also found satisfactory,

T T

particularly for chis case with 10 g's input. These values are
Kk = .580 rad/sec?
c ) g

ke = .05

Ty = .50 sec

(8) Effects of Input On-Set Rate (g's/sec) and Input g-Level
The system's performance will be affected by the input
on-set rate and the input signal amplitude, since the system components
are nonlinear. For a constant input amplituda with constant values

of k kT’ Ty, it was found that the higher the rate of change of

c?
input, the poorer the system response will be, When the input rate

is too high, oscillativus may occur in the steady~-state response of
|ag|. Ssimilar results were observed whun the imput 'mplitude
increased with constant rate of on-set. The change of system response

at high rate of change of input and at high input amplitude is very

- 108 -
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similar to an increase in kc' In order to give better system
performances it is arparent that we should limit the repion of
optimization of the design parameters to a smaller area, Therefore,
four sets of system parameters (kc, kT, k, TT) were designed for
good system performances at 6, 10, 15 and 30 g's input amplitudes.

They proved to be satisfactory for 6 and 15 g inputs respectively.

Input g-Level 6 10 15 30
2
k., (5391593—) .600 .516  .580 .323
g
kg L0403 .100  .045 .100
'k .0403 1.00 . 450 1.00
T, (sec)  .100 2.00  2.00 2.00

The wvalues of Tl’ T2 and 'I.‘R were studied and found to be
insignificant in the equations and therefore considered as zero and
the value of kR as one. This is discussed thoroughly from page 55 to
page 66. Each set of parameters was optimized to cover different
input rates of on-set from 0 to 6 g's/sec for the particular range
of input amplitudes. The definitions of good system performances
in these optimizations are that (l) the rate of change ot [AR] with
respect to time should follow very closely to the on-set rate of the
input signal lAll, (2) the magnitude of the overshoot in the EARI
response should be within + 5% of the input, and the number of
overshoots should be as small as possible with one tenth of a g
steady-state error or less.
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In the final computer =imulation of the centrifuge, only
two sets of system parameters were used to cover the 1C g's and
30 g's input ranges. They also worked out satlsfactorily for 6 and
15 g inputs respectively. A limiter was required to limit the
system error signal, €,, for high g inputs. This is to prevent a
long time saturation of the main arm system which would cause the
magnitude controller system to become unstable. The typical value
of the error limit is + 2.5 g's which may be adjusted for unusual
cases with high rate of on-set and high input g amplitude. The
psychological profile (S-334-10) and the maximum g abort profile
were used to check the system's performance, and they were found

later to be in good correlation with the resulis of the final

simulations.

% :
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VT. OUTPUT G VECTOR ALIGNMENT

When the magnitude of the output resultant acceleration is
generated by the main arm motion, tl : next immediate requirement is
to align the gimbhal and gondnla axes properly so that the resultant
acceleration components with respect to the gondola coordinates will
be in corvespondence with the Ax’ Ay’ Az inputs simultaneously. The
command signals to the lst and 2nd axes control system are sinusoidal
functions of the lst and 2nd axes angular positions 6, ®. These
command signals can be computed directly from the derived control
computer equations (16), (17), (25) and (26) with the substitutious
of AGx by Ax’ A

by A, and A by Az.

Gy Gz

In the preliminary simulatiorn of the conirol computer, the
output main 2rm angular velccity @R and angular acceleration @% were
used in these equations to compute these command signals (sin ec,
cos ec) (sin ¢L, cus wc). The objective 1is to align the gimbals.once
the main arm is in motion which is indicated by the main arm sensors'
signzls &R ¢ 14 @k. Later it was found that it was impossible t;
comp :t¢ ‘“ese signals under_these conditions. This is due to the
main a. motion always lagging behind the desired input by a small
period of time thus producing 4n output resultant acceleration
lagging behind the desired input acceleration. This would develop

a resnltant acceleration smaller than the input acceleration for

PR S

auy posifive rate of increase of input. Under such circumstance, . 4
equation (25) or (26) will have a numerator bigger than the
denominator which implies a sine or cosine function with a value

Sigzer than one. Another indeterminate condition also occurs in
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these alignment equatiocne when thei- solution becomes an imaginary
number for the case of Ay input only.

To overcome these problems, modified assvmptions were
made for applying these alignment equations. The changes are as

follows:

(1) Alil the variables in these equations will be the
desirable input values except for the main arm
acceleration, ¥, which will be the computed main
arm acceleration, @c.

(2) The desirable main arm velocity, ¥, will be computed
approximately by tue following equation:

«2 .
R‘f’l = ’/lAllz - gz - (RW(:)Z (51) -
where R = length of main arm
A; = root-mean-square of A, Ay, A,' summation
g = earth's gravity

computed main arm angular acceleration

Ve
The alignment equations were refined as follows:

2
1.55 - A
&1 a

sin ec X . (52)

1a]% - 2.41 ¢2
1 c

02 +
1.55 wl An a,

cos 8, = —_ {33)
¢ 2 _ 2
lAll 2.41 9
1.55 § A + a A
sin @, = e_z ly (54)
'Aliz - Ai
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(55)
A% - a2

whera a, = .
1 2
/]Allz - 2.4 o - Ai

in g's (56)
s ' ' : . . . 2
with Al’ Ax’ A, A'in g's, ™y in rad/sec and v, in rad/sec . The
3 v =

results of the final centrifuge simulation showed that the above

alignment equations worked satisfactorily.
4
¥
#
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VII. FEED FORWARD COMPENSATION TORQUES AND THE CONTROL COMPUTER
BLOCK DIAGRAMS

The third part of the control computer is the circuit to
develop the feed ‘orward gyroscopic compensation torques and the
mechanical coupling compensation. The complete gyroscopic torque
equations were developed as shown on page 76. From the conclusion
of the final centrifuge simulation, the gyroscopic torque exerted
on the lst axis is expected to be the most serious one. The 2nd and
3rd axes gyroscopic torque disturbances are not serious and therefore
do not require compensation. The feed forward compeﬂsation signal
will be for only the 1st axis control system. The programming of
this compensation torque will be in reference to the fcllowing

approximated equation:

"3 (3 — .2 . o.
10 TGG = 2.79 wR siua GR cos O8_ + .2765 ¢R¢R cos eR

R

+ .415 B, cos 9 sin? @, (lb-in) | (57)

R

approximate reflected roscopic toriue at the 1st
gy 1

]
where TGG P
axis

eR,mR = angular positions of the 1lst and 2nd axes

$R angular velocity of the 2nd axis
The necessary compensation for the 2nd axis due to the
mechanical coupling betwcen the lst and 2nd axes is a velocity
signal proportional to the lst axis velocity. This was discussed

previously in this report and was determined to be

2 - 11,39 : .
cPcc n eR (58)
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where é;c computed 2nd axis compensated velocity

it

Dy output gear ratio of the 2nd axis system

6

R angular velocity of the 1lst axis

It was found from the final centrifuge simulation that
the compensation for the lst axis gyroscopic disturbance was not
successful because of the limitations of the control system com-
ponents. The compensation fcr the mechanical coupling is
satisfactory. -

A complete drawing of the control computer in block diagram
representation is shown in Figures 53, 54 and 55. These figures
were drawn in flow diagram form for simplicity with alphabetical
representation of the functions to be computed. Figure 53 is part
1 of the control cowputer including the computations of the 1ist,
2nd and 3rd axes control system commands with respect to the control

computer inputs Ax’ A A, . Figure 54 is part 2 of the contrcl

y?* Tz

computer for the computation of lst axis feed forward gyroscopic
compensation. Figuare 55 is part 3 of the control computer for the
computation of 2nd axis mechanical coupling compensation.

As an example, the flow diagram representation in the

computation of ]AFl can be expressed by the following equation

|Ap] = /A% + 1483+ 71 41 (59)

2
We car compute Aé’ Ag and T separately as fcllows:

2 . s 4
Ag = 2.411 by
2 _ 2
AT = 2.411 g
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T = .5 f (A% - T) dt,

G. Profile Converter

The g versus time profiles were submitted in the form of
graphs with the exception of 2 profiles that were recorded on a
magnetic tape. A total of 33 profiles had to be recorded in the
form of an electrical signal as converted from the g profile graphs,
To convert the profile graphs into volts proportional to g level., an
X-~Y plotting table was converte&-into a photoformer type of device
from which the Y axis feedback potentiometer would produce a
voltage proportional to g level and the x axis would be driven at a
speed proportional to time. The circuit to accomplish this is shown
in Figure 56. The photoresistor is electrically connected in a
bridge circuit and physiéally mounted to the pen holder on the Y axis
system.

A small light is mounted next to the photoresistors in
order to keep the light intensity constant throughout the traverse of

the graph. The input to the X axis is a triangular waveform thus pro-

viding a constant sweep rate in the X direction. The output signal
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was recorded on an FM tape thus storing all of the profiles in the
form of an electrical signal proportional to g level.
H. Centrifuge Simulation
(1) Output Acceleration g Vector Simulation

The output acceleration g vector A, is composed of three
vectors Ag,, AGy’ Agx. As shown in Figure 57, the parameters for
each of these vectoré are obtained from output quantities of
acceleration, velocity, and angular position as measured by appropriate
instrumentation of the centrifuge. The square root of the sum of
the squares of these vectors then produces the resultant vector.

The mathematical expression for these vectors is:

X4

. 2’ :
Aw, = [(Ry_.) sin ﬂr + g cos 68_] cos ¢ +

(Rwr) sin ér

3

“oer
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>
t

o>
i

. 2 N N
¢y = [(er ) sin €. + g cos sin

<l
la]
St
.

(Rﬁr) cos ¢

T2 . ~
A = (R} } cos & - sin @
Cx ( T i 3 & T

A, /AG

7 yi 7z
o2 * AT E Ag,

(2) Block Diagram of Centrifuge Simulation
The block diagram of the complete centrifuge simulation
is shown in Figure 57. 7This includes the various torque couplings
between systems and the means for compensating for such.
{(3) Computer Diagram
The complete computer diagram for the anmalog simulation
is shown in Figures 58 to 72. Two sets of diagrams are required in
order to cover the 0 to 10 g range and the 0 to 30 g range.
(4) Method and Need for Angle Biasing in Simulatiom
The command angle for the gfmbal and gondola system must
be able to go to 180° for some of the g profiles included in these
studies. The normal computer resolver will permit + 180° input
commands. Since the systems simulated in this study do have over-
shoot, the angle must be capable of exceeding 180°. A method of
biasing was therefore employed such that the angle could swing
+270° and ~90°. The sine of the angle can be simulated as the

cosine of the angle minus 90°. This is proved mathematically by

cos (8 - 90°) = ccs 8 cos 90° + sin 6 sin 90°
cos 90° = 0

sin 90° = |
- 123 -
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cos (6-90°) = sin ©

The computer simulation is such that 180° = 90 V or 2° = 1 V. When
the angle 6 is zero a bias voltage must be fed in equivalent to

90° x 1 V/2° = 45 V. Therefore by the proper biasing of the angle
fed into the resolver and compensating for this by a bias at the
resolver output, the output angle can be made to swing petween ~-90°
and +270°. This method of biasing is shown in Figure 60.

(5) According to the results of centrifuge simulation studies,
effect of disturbance forces on the lst axis control system (gimbal
ring) is serious, while it is very minor on the 2nd axis control
system (gondola).

Therefore, a closer look only at the lst axis system will
be made for further analysis of this effect,

For simplicity's sake, only one predominant term of
disturbance torque is considered as follows: (see the following page

for the complete torque equations).

-3 *2
TGO x 10 185.15 wR sin GR cos eR

= 92.575 @ﬁ sin 26, 1b-in

Since 6; 1s a function of time, this disturbance torque
has a plus sign when nm <6 <(n + 1/2)7; has a minus sign when
(n + 1/2)7 <6R <{(n + l)n, where n = 0, 1, 2 .... (see figure of

quadrants below).
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The complete gyroscopic torque equations for the first

and second axis are:

Teo = 0y [Jgg + Jy2 cos? b+ Ty, sin? ¢_]

+ 9, [J¢2 - J¢3] cos er sin ¢r cos ¢,

+ ér c}r [2 (J¢3 - J(bz)] sin @ cos ®_

+h b [J¢1 + (3¢2 - J¢3) {cos? ¢_ - sin? ¢)]

cos er + wr L-(Je3 - Jel) - J¢1 + J¢2 sin® 4

Tgp = = 9p J, sin 0, + &ﬁ (Jy3 = 3

o $2)

o
cos sin ¢r cos ¢r

+ 8% (3. - J¢3) sin ¢ cos ¢

2

-3, + (1, - J¢3) (sin® ¢_ - cos? ¢.)] cos
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Figure 73A and B shovs curves for No. 3 g profile input.
The command signal to the lst axis system appears to be ec = 78°,
The responded main arm velocity is mR = 1.65 rad. (Figure 734A;

Channel 8).

The 1lst axis system responds to an =imost step input of

73° and overshoots up to b = 130°, which is 67% above the input

level.

The disturbzuce torque becomes

Ty * 1073 = 92.6 x (1.65)% x sin 20,
= 252 sin 2 GR 1b-in
Therefore,
= © —3=
when eR 90 'IGe x 10 0
= 130° = -248

In other words the disturbance torque is subtractive from
the motor torque until GR becomes 90° and when BR remains above 90°
up to 130°, the disturbance torque is additive to the motor torque.

Since at the peak of overshoot, Tge X 103 = -24_ 1b-in
which is within the range of system stability (see "Disturbance
Torque Studies for the lst and 2nd Axes," E. Pack, 6/11/65), the
system overcomes this disturbance and tries to follow the command
signal., However, as soon as the response SR passes below 90°, the
disturbance torque changes its sign again and works subtractively
this time, bringing the response further down. At the first valley
of the response, it appears 6, = 30°, which gives us Tgg X 1073 =
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218 1b~in. Therefore, the disturbonce is still within the stability
limit and the system overcomes it.

So it countinues until the system reaches steady-state in

about 48 seconds.

ety W

The damped oscillation of the 13t axis response 1is reflecteu
in g~-profile response curves as shown in Ffigure 73A.
Figure 74A and B shows the result of an analog computer run

with disturbance torque coupled in and Figure 75A and B shows one

without the 1lst axis gyroscopic torque, for the g-~profile No. 4,

For this g-profile, the comnand signal for -the lst axis .
system is 82° (Figure 74B, Figure 753; Channél 2).. ﬁithout tHé i '_;_?;f
gyrozcopic torque, the first axis response to this input oversho?té 3i'“

to 114°, which is 39% overshoot as shown in Figure 758, Channel-3.

&

SR e -iﬂ!ﬂ,-‘.ﬂ'l{hw\j%,ﬁ,‘ ﬁ:gﬁf& L T R
' Y

However, the gyroscopilc torque, 'at this point, would be, -

since Py = 2.05 rad (Figure 74A, Figure 75A; Channel 8),

e

Tgg * 1073 = 390 sinm 205 e

. _ 0 -3 _ _ T
.% When 8g = 114 TGe x 10 = ~290 1b-in
= 135° = -390
= 166° = ~183 —

e ’M!‘j .

Therefore, if the gyroscopic torque is coupled in as in

~

A
-

Figure 74, when 6, reaches overshoot peak of about 114°,{tb} torque _:f'

- A=

works additively and helps the overshoot of'fhe.regponsej o o ,'[if
further up until it reaches a peak of 166° as shown in Figure'?ﬁ%.,”
Tie maximum value of disturbance torqueis 390X 10"3 lb;;n which -
occurs at 6g = 135°.

- 144 -




o o R o fonfe nfend -
i 4 3
3
NP N b T o ol
I e gor 4o o

21

—_ -~

TN
_.n_.._-?c_
N P

H
T -I

% O 1Y COF U

i
V'L

Figure 74A

- 145 -



Figure 74B
-~ 146 -

pa—— P o oo spias g0 fes fom s i o - - 1710 -
.* ! y
4 4 - Lot UL I A O 8 O LA S A W -t -
=4 - de ! e JU S oo o -
} ° .
L 1) A L - vede - - jnascds e ] . N 2
% - s -
r ' . X 4. i . - Ny
4 J 4o e S - P e oned oot
3 ml k
PR I - b - et -4~
3y 3 B b a / T
3t H - oofumgarar] S L
|~ ) ' f K it ' - s I .
g " . Lo
- - dend B 4 }
d . J 1
- . - b o L e e o) L - - ._
MY B ) - | N A
- A d bod = =l - "
n ARR _ L el il
- - . wferd e “m o e ¢ o
- i . e . v . OFR B TR - : -
- } ol - 4 1z - . E
= . i 1 a
-4 b : e o 1 b ol E—
3 ; L ] m - . . 3
- -} 4o I8 P W ot e b el ™ o
I n
e ] A AN 5 N -~
o :
. - g - - J -~ 3 . ml
Lo afradc s fomete o fo franges o= . et l m.l
o )
- e e~ froeet om ume Jocrngus of - [ ...:i - -
8. d L d det. a fed L dede dod ] e b | -
E _ N 3
B Py Lol of wf = faes fmeels mfons . L JoF % Y - -
. . - B0 20 U O O A 8 ol e - - .
b =3
-y fo. Ll e B - sl haaat i L
3 r tF L
- fran s o S N - — [ S A A Ry A . O £ - - .
< o L A de dored R VI T YN S & - _ i S S N T S S b e el - et ] 2
P [
3 . £ Lk LELE A 0 10 0 0 A RN L
!
- : 4 ...T Y S S Y f e e 4 e~ (o Vg w e o U R ml
pe. 1 “
3 n 4L LI e " i ] : 3
-5 g eote . - . R S oo b o e - N b: .
-1 ol
- - el pu . e qomod omta s e din 105} el (e +oem stues E ~rn
- o
- p i 4
3 - ) 1 dt vy - L 44 H- £
b +
s - " - . I A bk bed g oot s ] -~
[ 5 :
=~ E L N S L. L. 4 b
P v _ o
o 4* - e {4 4 fiee jerender Haesdons frridimm e oo - oy S . o feord npedp] pronefen- -
= K -
- v o g : TRURY % QI E -
-4 0 -
b q s ot o] L L o dimndhon { 2 elimstus oduaaed ; Ll ol < e o -
m - 4 by L -} ] I W 0 W -t mn
“ v por R 2L IO P -4 anef "l
- oo © 3 R T~ 4 saefnand FE MY S e $g o4 bomf e nd .l
ho Iy b o
- foocrfe, e \ o o food. s ofrd : rf-
- ‘ 4 4 a
&+ Nevike - 4 e oy - b e o E -
3 e 1 4 4 ST LIS L .
-l ﬁ -
e 1 . A g . e R . b
o -
4. e » SR S S O T - e deed « [0 T L S A S Y I I = Dy . -
-~ hdededd Ldnd . k. [ 5 % 9 4. f - -
- . b
- - T - e n+. il o O SR S IR BN ok B o ot B0 E8 = N . - - et o T -
- oo g fared U O S - S R o - 9 Y - [ . -
3 11 1 i 3
-1 -1+ - : 1 it - eroders Jurmaf . 4 o« gl 4 +He
o [
ps SO S S W A S O P 9O O N N & .. . e« [ NS TP P QU O O OO N U % 3 Lofdd - - P -
o N ] ﬁl..l } - m o
- . .
e o = (= . el [ [ = o
K- = A E oLl A v I A AR U IV AR - R R R NN ] - R ks ) 4

A
”.
%
YA
10°Bos
3430

50




PN

- i, H . T
5 _. - r I . 1 b
! JEK 1T . g - ;
3. | - H - 7 hedods b dmde
2101 . . g ] P
P o o N e g g
3 e s e e o
= 4 T T R “r
- TN N NEEN "
pu RS I e 1. pereidee . ot an
b ] T T e et 2 A
3 N [ e o funds wf P T
- Lo D B I — e b ol " u D
= rerfram = 1 i She
p~ - ny " .
- - s
pos b ! v. 4 g
i p R 1
pus L ! 11 . z
= oF 2 | o
on ' R o i G * £ - \s Joon b H
=3 \ Sats e ofs s frened *
b § [ O P A ks
= o] et )
- ; e - L] 0 ponte
n b b _ o _
0 I N : N i ) u.: N
- bl B § ee poe
=3 | L. -t o - ™15 i
3 i 0 O SN N e s ol § i "
31 T ot 21
~ B o R " "
- . I oos § onod it oeus §10 ofemete sefeser "] L 3
- : oy . AN
b= ; : ] "
-+ i .. T W
- ot Sl (N 1
g b f \
: ] ke w
Lo D s T 1 d.. eef = T r“
X * . 1 Rl
i I j B I o ml. I g
o vondeaont i an e Bl ! ' N fl .
" ) H " ; .s - iw{ T t
bernf o 7 Lid, "
Br. et 1 of - fl
N oadifonn i | W
a— Ll - o . H |“ .
fose: gl o .s A _._
\ e e B0 ) s
EENL . Sy~ m
IIL | “ B v .
T R - rt !
I I
: i [ p
'
«fnd i dond e e 4 eeg. e Y t - 1 U
¥ - (]
A U R ....Inw ) e - = / ] | A . y M
B ; T . NI H . »
T .. [, : ) . 4 Y
R AR G g S 9 oy L. - T 3 "
P « foden . . 43 R
o, i : S Ty B
- f conf H n
o A 4 " Joude & - 7 2
i H b h :
: - j "
freptfadin . - Lo L et , Y H o
O 8 S o -t- 4 \ T R T Y p
d - S T u L .
4 ™ rarge ! * L .
-t e Ot Y T I v H
s i P ™ L T __._. P 3
= T TTT H h o _--— .. d HIN
3 k T VERNBNEEAN =R _
f ..l.....,-.,.. weieret ! .u » .x. Lt ol S etdnd. " - T 8 W o th
il ; - -1 . ) B
sl it b . L 2 8 . "
—d .__ N ) . ’ - # + N UL L b . d . o
buss S8 P ¢ - i~ o { I
p -3 Wb
= il . - b ..

50%,

104?;

Figure 75A

- 147 -



ITFIRITITRTY

i

e

FITarTYY
1

e
I

TYY l!'l

lullllll“nl"”l““‘“‘ll"li-xaki

i TPV

i
L.

i

1

H
4
T

8.-%0
r4
o

Figure 75B

- 148 -~



F~-B2300-1

This maximum value of disturbance torque is very close to
~he maximum value of system motor torque. Therefore, considering
the accuracy of analog computer limiter circuits, the system could
either be stable or unstable.

In the case of Figure 74, the system is found unstabvle,
Fecause the disturbance torque is more than the system could handle.

After the first overshoot of GR up to 166°, it comes down

to 12..3° at the first valley, at which point, the disturbance torque

3 1b~in (additive), and the system can not overcome

peccmes 375 x 10
it, the response being overshot again. Meanwhile, the pressure of
system motor is kept at maximum output and this brings the wobble
plate to the maximum position, thus making the system saturate.

In general, therefore, we may assume that when
92.56 ¢§ <360, the system is able to overcome gyroscopic torque.
That is, when &R <1.94, the system is within the stable region with
gyroscopic torques.

With a trapezoidal g-profile input, if we let h be the top

level in g, the following relationship is valid in steady-state

opproximation.

2 1/2
R :2 )

Substituting % = 1.55 gives:

2.42 @g + 1 = n
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12 oy Rzt
R 2.42
For @; <3.89, we have
2
E_~:_£ <15.2
2.42
h <6.14

This indicates thag the system is capable of handling
disturbance forces when a g-profile input level is less than 6.14 g.

Approximately 1Z of the safety margin for other terms of
gyroscopic forces has been taken into consideration.

In order to lessen the effect of disturbances and improve
the system's performance for a high g-level input, a compensation
for disturbance may be helpful. For this purpose, the compensation
may be computed using responded values rather than commands for
each system for effective results, because of differences between
command and response, particularly of the 1lst axis system.

The compensation signal may be fed into the summing point
of the system's pressure feedback.

(6) "g" Profile Test Results

The centrifuge test results are shown for 30 profiles.
Additional runs are included to indicate the type of difficulties
encountered by the system just before becoming unstable. For .very
run, a recording is included of the gyroscopic torques developed in
both the first aad second axis systems. The output g profile has
been superimposed upon the input g profile in the form of a dashed
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line. This also apblies for the i and @ recordings as superimposed
upon the same input g profile in which @ is a dashed line and $ is
a dash~-dot line.
I. Digital Flow Diagram for Contrcl Computer

The flow diagram for the control ccmputer is shown in
Figure 53. This is shown in block diagram form in which each block
indicates the information received, the operation to be performed
upon this information and where the information is to be sent.
Figure 54 is the flow diagram for computing the feed forward compen-
sation for gyroscopic forces in the first axis where these forces do
not exceed the torque limitations of the system.
J. Conclusions and Recommendations

The énalysis of the first and zecond axis systems indicates

that they have relatively low dawmping and due to this some difficulties

in the generation of g profiles by the centrifuge are encountered.
Further limitatipns were necessarily imposed upon these two systems
in order to prevent loss of control due to system saturation incurred
by large command signals. The large unbalance in the inertia load of
the first axis system has caused excessive gyroscopic torques to be
subjected to fhe first axis system thus limiting the combined factor
of g rate, maximum g level and length of time in the g rate period.
Once the gimbal positicn is past the critical angle of 45 degrees
these factors are greatly reduced as can be observed in several of
the recorded profiles.

O0f particular interest in this respect is profile No. 4
in which the effect of the gyroscopic forces on the firet axis system
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are very close to the maximum that the system can sustain. The
gimbal axis oscillates violently but does manage to dampen to a
final angle close to 90 degrees. Later in the same profile the
same g rate is required to go to an even hLigher g level. The command
angle of the gimbal system remains close to 90 degre:-:, and it can
be observed that no violent osciliations appear in the output g
profile. The output g level matches very closely to the input
command g profile.

The main axis drive system is capable of meeting the
maximum g rate specified for these tests. As in the first and second
axes drive systems a limit circuit is necessary to prevent loss of
control due to input commands that would saturate the system. The
system was tested with a ramp similar to the special profiie which
reaches a maximum level of 30 g. The maia arm drive system performed
this profile with the current limiting solidly at both + 15,000
amperes. However in the centrifuge simulation the special profile
caused the main arm system to become unstable during the deceleration
portion of the profile. it was found in the preliminary studies
that the system would not settle until approximapely J seconds after
the 30 g level had been reached by the input command signal. During
this 8 second period, the armature current is first in the +15,000
ampere limit followed by a rapid excursion to the -15,000 ampere
1imit. The special profile has a dwell time of only 2 seconds at
the 30 g level after which a rapid deceleration is required by the
command signal. It is possible that the system became unstable due
to this excessive deceleration command which would cause satur-ztion.

Reduccion in the control computer system error limit would maintain
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stability for this particular profile. 1In this same profile

(No. '2), the 1st and 2nd axes angle commands suddenly drives the
angle to 180° out of phase. This is caused by possible malfunction
of computer elements used in the special circuits of the control
computer and alsoc by the inability of the main arm to follow the
input command. The acceleration signal ac becomes excessively large
in the negative direction thereby causing the angle command to move
out of phase by 180°.

The main arm drive system in conjunction with the control
computer is capable of procducing an acceleration vector that is in
very close agreement with the input acceleration command. The
concept of using the main arm drive system and control computer in
a closed loop system provides for an extremely tight system with
minimum error.

Since limitations were met in the effect of gyroscopic
forces and also control system response, not all of the 35 profiles
were run. Instead some 30 profiles were recorded out of a total of
57 runs. In these recordings the gyroscopic torque is shown for
both the first and second axes. In cases where the gyroscopic
forces would cause system instability, the forces were recorded
even though the effect was not coupled into the simulation. 1In this
manner the configuration of g prcfile that is satisfactory for this
particular centrifuge design can be determined.

The analog simulation of this centrifuge required the use
of many multipliers. Several of these are of the servo type in

which the measured time 'delay was approximately 0.1 second. The
: - 153 ~
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simulation therefore includes a delay similar to that expected in
the digital control of the actual centrifuge system.
In final summation it can we stated that:
(1) the centrifuge can produce a 30 g maximum acceleration;

(2) first and second axis systems have considerable overshoot
which 1s detrimental to the centrifuge performance;

(3) error iimits on the lst and 2nd axis systems are
necessary to prevent saturation and loss c¢f
control. These error limits cause loss in speed of
response for these systems;

(4) an error limit is required in the control computer
system to prevent instability of the main arm drive
system.

(5) sgyroscopic forces are not of sufficient magnitude in
the gondola system or the main arm drive system to be
considered of importance.

(6) gyroscopic forces are extremely important in the gimbal
system. In many profiles the motor torque limit is
reached due to these forces thus negating the use of
compensation to correct for these effects.

(7) the control computer has been successfully developed
and in conjunction with the main arm system the
acceleration profiles can be accurately followed with-
in the limits of the capabilities of the hardware.

Recommendations for this centrifuge design are as follows:

(1) Since the first axis system is underdamped and its
effect upon the output g profile is quite serious, the
input command to the first axis system should be in the
form of a ramp thereby reducing the amplitude of over-
shoot.

(2) The gyroscopic forces developed in the first axis
system are very serious when the first axis angle is
less than 45°, By limiting the g level to approximately
2 g until the first axis has reached 45° the effect -
of gyroscopic forces can be minimized.

(3) 1t may be possible to develop equations for the control
computer to limit the gyroscopic forces effect on the
1st axis system.
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